Background and purpose: The aim was to investigate the brain microstructural abnormalities in epilepsy patients with postictal generalized electroencephalographic suppression (PGES) using a cortical surface-based analysis. Methods: According to the video-electroencephalography records of epilepsy patients with generalized convulsive seizures, 30 patients with PGES (PGES+) and 21 patients without PGES (PGESÀ) were recruited. High-resolution T1-weighted images were acquired from each patient and 30 matched healthy control subjects. Cortical thickness was compared amongst the three groups using FreeSurfer software. Results: Patients with PGES showed reduced cortical thickness in the right paracentral lobule, inferior parietal lobule, supramarginal gyrus and middle temporal lobe compared with patients without PGES. In relation to healthy control subjects, the PGES+ group presented reduced cortical thickness in the right superior parietal lobule and supramarginal gyrus, whilst the PGESÀ group presented reduced cortical thickness in the left precuneus, precentral gyrus, lateral occipital gyrus, parahippocampal gyrus, superior parietal lobule and right caudal middle frontal gyrus. Conclusions: Patients with PGES exhibited characteristic brain microstructural abnormalities, corroborating the PGES mechanisms at the brain level. The right-sided predominance of the detected PGES-related cortical thinning was the same as that of sudden unexpected death in epilepsy (SUDEP) cases and patients at high risk for SUDEP, implying that PGES and SUDEP may share a common abnormal brain substrate that is involved in the pathophysiology of these conditions.
Introduction
Sudden unexpected death in epilepsy (SUDEP), a frequent cause of death in patients with epilepsy, has always been of greatest concern for the epilepsy community [1] . In cases of SUDEP and near SUDEP, fatal seizures have long been reported to be accompanied by postictal diffuse electroencephalography (EEG) depression or flatness [2] [3] [4] [5] . These observations led to the concept of postictal generalized electroencephalographic suppression (PGES), the immediate generalized EEG the structural/functional substrates underlying the cerebral network and has been successfully used to investigate the pathophysiology of many brain diseases, including epilepsy [12, 13] and SUDEP [14, 15] . To date, no studies using neuroimaging techniques have been conducted in the field of PGES. In the current study, the aim was to detect brain microstructural abnormalities related to PGES, with the hope of providing new insights into the mechanisms of PGES from the perspective of neuroimaging. A surface-based analysis of cortical thickness was selected in this study for its ability to quantitatively and sensitively reflect the microstructure of the cortical column, the primary element of the structural brain network, in different situations [16] . The cortical thickness of epileptic patients with and without PGES was compared to that of healthy subjects, and more importantly a direct comparison was conducted between epileptic patients with and without PGES to exclude the potentially confounding influences of seizure-related factors.
Subjects and methods

Participants
A total of 126 patients with epilepsy were recruited from the Epilepsy Center of the Neurology Department at the West China Hospital of Sichuan University, China. All patients were diagnosed as epilepsy based on the ILAE-2017 criteria with at least one generalized convulsive seizure (GCS) of either generalized or focal onset recorded during long-term video-EEG (VEEG) monitoring over more than 24 h. Two experienced clinical neurophysiologists reviewed the VEEG records and divided all patients into the PGES+ group (patients with PGES) and the PGESÀ group (patients without PGES) according to previously published PGES criteria [6] . Age-and gender-matched healthy control subjects (HCs) were recruited through poster advertisements. The following exclusion criteria were applied to participants in all three groups: (i) age >65 or <14 years old; (ii) the presence of other serious systemic or psychological diseases; (iii) history of substance or alcohol abuse; (iv) pregnancy and breastfeeding; and (v) the presence of visible conventional MRI lesions. This study was approved by the local ethics committee at West China Hospital of Sichuan University. Written informed consent was obtained from all participants.
Data acquisition and processing
High-resolution T1-weighted images were obtained using three-dimensional spoiled gradient-recalled sequences in a 3.0 T MRI scanner (EXCITE, GE, Milwaukee, WI, USA) with a 12-channel phased array head coil. The structural images were processed using the FreeSurfer software package (http://surfer.nmr.mgh.ha rvard.edu/) as previously described [17] . Details of the MRI data acquisition and processing procedures are described in Data S1.
Statistical analysis
All clinical and demographic data were statistically compared using the Student t test, the Mann-Whitney U test, the chi-squared test or ANOVA according to different variable types using the SPSS software package (version 20.0 for Mac, http://www.spss.com/). Statistical significance was set at two-tailed P < 0.05. The surface maps following the calculation of vertex-wise estimates of the cortical thickness for each group were statistically compared based on a general linear model framework within FreeSurfer. Group analysis with different offset and different slope was first performed to examine general cortical thickness differences between the three groups. Then, post hoc analyses were conducted to further identify definite cortical thickness alterations in a pairwise pattern amongst the PGES+ group, the PGESÀ group and the HC group. In each procedure of the group analysis, age, gender and intracranial volume were added as covariates. Non-parametric cluster-wise correction was used for multiple comparisons by means of the FreeSurfer Monte Carlo simulation tool with 10 000 iterations. The vertex-wide threshold was set at P < 0.0001 for the simulation and clustering, and the clusters were considered significant if they survived a cluster-wise probability of P < 0.05.
Results
Fifty-one patients from the PGES+ group (30 patients, male/female 13/17, average age 25.00 AE 6.88 years) and the PGESÀ group (21 patients, male/female 15/6, average age 25.62 AE 7.42 years) and 30 HCs (male/female 16/14, average age 28.17 AE 5.00 years) entered the final analysis, and they were all right-handed as assessed by the Annett Handedness Scale. Gender and age did not differ between these three groups (P > 0.05). The PGES+ group and the PGESÀ group exhibited no significant differences in age of onset, duration, seizure type, GCS frequency per year or during VEEG monitoring, EEG lateralization, application of anti-epileptic drugs (AEDs) and risk factors (P > 0.05). The clinical and demographic information for the participants is detailed in Table 1 .
In relation to the HCs, the PGES+ group showed reduced cortical thickness in the right superior parietal lobule (SPL) and supramarginal gyrus (SMG), whilst the PGESÀ group showed reduced cortical thickness in the left SPL, precuneus, precentral gyrus (PCG), lateral occipital gyrus, parahippocampal gyrus and the right caudal middle frontal gyrus (Fig. 1) . More important was the direct comparison, in that the PGES+ group exhibited reduced cortical thickness in the right SMG, inferior parietal lobule (IPL), middle temporal gyrus (MTG) and paracentral lobule (PCL) relative to the PGESÀ group (Fig. 2) . The information for the peak coordinates, the P values and the areas of cortical thinning is detailed in Table 2 .
Discussion
This study is the first to introduce neuroimaging techniques into the study of PGES, showing different patterns of cortical thickness abnormalities in epilepsy patients with and without PGES. This finding suggested that PGES might have its characteristic abnormal structural substrate in the brain, which may provide useful insights into the pathophysiological mechanisms of PGES at the brain level.
Cortical thickness reductions were observed in both the PGES+ and the PGESÀ groups relative to the HCs, a finding that is supported by previous studies, potentially resulting from the seizure-induced damage to the epileptic brain [12, 13] . The PGES+ group presented with cortical thinning in the right SPL and SMG, and the PGESÀ group presented with cortical thinning in the left precuneus, PCG, lateral occipital gyrus, parahippocampal gyrus, SPL and right caudal middle frontal gyrus. Direct comparison between the PGES+ and PGESÀ groups revealed striking differences in the involved cortical regions. Due to the well-matched demographic and seizure-related characteristics between the PGES+ and PGESÀ groups, the results of the direct comparison may be regarded as representing intrinsic cortical thinning related to PGES itself, which is the target of this study and will be the focus of the following discussion.
The present study demonstrated PGES-related cortical thinning in the right IPL, SMG, MTG and PCG. The IPL, including the SMG, is involved in the sensation and perception of various stimuli [18] . These regions work together with the MTG to participate in the sophisticated processing of language [19, 20] . Moreover, the IPL has been identified as an essential component of the default mode network, the integrity of which is required for the maintenance of consciousness [21, 22] . Therefore, microstructural abnormalities in these brain regions, as shown in the present study of epileptic patients with PGES, may result in poor responses to stimuli and surroundings. This finding might provide a possible explanation for the immobility and unconsciousness that occur during PGES [8, 9] .
Postictal generalized electroencephalographic suppression has been hypothesized to be a sign of inhibitory neural network activation, perhaps as an exaggerated response to seizure termination signals [6, 7, 11] . A magnetoencephalography study with a go/ no-go task recorded extensive cortical recruitment, including the right MTG and IPL, to embody the inhibitory neural network in healthy volunteers [23] . Another independent component analysis of taskrelated functional MRI data revealed that the activity of the PCL and IPL correlated positively with the accuracy and efficiency of response inhibition to stop signals [24] . These findings made it reasonable to assign the IPL, MTG and PCL to the processing of the inhibitory neural network's response to stop signals. Cortical thinning in these brain regions, as detected in the current study, might provide the first structural neuroimaging evidence supporting the neural network hypothesis of PGES. Appropriate reaction of the inhibitory neuronal network is thought to cause seizure termination, whereas hypo-reaction leads to status epilepticus and hyperreaction gives rise to PGES and subsequent SUDEP [6, 7] . However, the role of PGES in the pathophysiology of SUDEP is still a matter of debate [7, 8] . Our study presents a notable phenomenon that the PGESrelated brain microstructure abnormalities were asymmetrical, with cortical thinning concentrated in the right hemisphere. Consistent with this observation, a voxel-based morphometry study reported a rightdominant distribution of grey matter volume (GMV) increases in SUDEP cases and patients at high risk for SUDEP [15] . Our previous work also identified the right thalamus as a hub for cerebral resting-state functional connectivity alterations in SUDEP-susceptible patients [14] . This right-sided predominance in brain structural/functional abnormalities suggests that PGES and SUDEP might share a common abnormal cerebral network.
The existence of such hemispheric lateralization has been well documented in the autonomic network, with sympathetic activities being controlled by the right side [25] [26] [27] . Direct stimulation to the right insular cortex during surgery aroused tachycardia and blood pressure elevation [25] . Selective right-sided visual stimulation using lateralized film induced increased heart rate variability in healthy volunteers [27] . Meanwhile, inactivation of the right hemisphere with intracarotid amobarbital was observed to induce a reversal of the aforementioned cardiovascular effects [26, 28] .
The right-sided distribution of the PGES-related cortical thinning might explain the concomitant relationship between PGES, peri-ictal automatic disorders and the cardiovascular consequences [2, 10, 29] . Furthermore, right-hemispheric stroke, especially involving the right insula, has been reported to be associated with more complex arrhythmias and a potentially higher risk of sudden death [30, 31] . In epilepsy patients, cardiovascular dysregulation also favours a right EEG focus, which may contribute to sudden fatalities [28, 32] . Thus, the right-hemispheric lateralization of cortical thinning might fill the missing link between seizure-related cardiovascular dysfunction and PGES, as well as SUDEP, which might be involved in the pathophysiology of PGES and consequent SUDEP.
Despite the same right-dominant distribution, it should be noted that PGES-related thickness reductions were detected in different cortical regions from those reported in a previous study conducted in SUDEP cases and patients at high risk for SUDEP [15] , which showed GMV abnormalities in the pulvinar and the limbic system. Thus, careful consideration should be taken in relating PGES-related structural abnormalities to SUDEP neuroanatomical substrates. These inconsistent findings in cortical regions might be attributed to methodological issues. GMV measured by a voxel-based technique directly reflects the volume of a cortical region and is a product of both cortical thickness and surface area [33] . Cortical thickness measured by a surface-based technique can yield details of the size, density and arrangement of neural elements in cortical columns at a subvoxel resolution [16, 34] . In this preliminary study, a surface-based analysis of cortical thickness was used due to its ability to provide relatively unique and sensitive information about subtle structural alterations in GM. However, this approach detects only microstructural deformations across the cortical mantle. The inhibitory neural network underlying the PGES and SUDEP mechanism hypothesis not only involves the cortical mantle but also extends into the subcortical nucleus [7, 11] . Other parameters of GM structures, such as GMV and surface area, as well as further neuroimaging investigations based on diffusion tensor images and functional MRI data are needed to provide more comprehensive information regarding the PGES-related structural/functional neural network and its possible linkage to SUDEP.
Other limitations of the current study must also be addressed. First, of the subjects who underwent VEEG monitoring in this study, there was a relatively large proportion of preoperative evaluations for focal onset GCSs. However, strict between-group comparisons of the clinical and demographic variables were performed, including EEG lateralization (detailed in Table 1 ), to show how well matched the groups were, which avoids individual heterogeneity and ensures that the results were not driven by admission bias. Secondly, due to the lack of detailed measurable documentation in the archived recordings, information was not provided about AED reduction or withdrawal during VEEG, which has been reported to be associated with PGES and its duration [35] . A further prospective cohort study with a larger sample size and a standardized AED withdrawal regime during monitoring would be optimal to address these two issues. Finally, although our findings hinted at a possible shared cerebral network between PGES and SUDEP, the role of PGES in the pathophysiology of SUDEP remains controversial [7, 8] . Thus, follow-up analysis of the subjects included in the present study is warranted.
In conclusion, the present study showed different patterns of cortical thickness abnormalities in epilepsy patients with and without PGES. By direct comparison, PGES-related cortical thinning was located in the right paracentral, parietal and temporal cortex, providing the first structural neuroimaging evidence into PGES mechanisms at the brain level. Notably, the PGES-related cortical thinning exhibited a right-sided predominance pattern that was the same as that of SUDEP cases and patients at high risk for SUDEP, implying that PGES and SUDEP may share a common abnormal brain network underpinning the mechanisms responsible for these conditions.
